Nearly all iron dissolved in the ocean is complexed by strong organic ligands of unknown composition. The effect of ligand composition on microbial iron acquisition is poorly understood, but amendment experiments using model ligands show they can facilitate or impede iron uptake depending on their identity. Here we show that siderophores, organic compounds synthesized by microbes to facilitate iron uptake, are a dynamic component of the marine ligand pool in the eastern tropical Pacific Ocean. Siderophore concentrations in iron-deficient waters averaged 9 pM, up to fivefold higher than in iron-rich coastal and nutrient-depleted oligotrophic waters, and were dominated by amphibactins, amphiphilic siderophores with cell membrane affinity. Phylogenetic analysis of amphibactin biosynthetic genes suggests that the ability to produce amphibactins has transferred horizontally across multiple Gammaproteobacteria, potentially driven by pressures to compete for iron. In coastal and oligotrophic regions of the eastern Pacific Ocean, amphibactins were replaced with lower concentrations (1-2 pM) of hydrophilic ferrioxamine siderophores. Our results suggest that organic ligand composition changes across the surface ocean in response to environmental pressures. Hydrophilic siderophores are predominantly found across regions of the ocean where iron is not expected to be the limiting nutrient for the microbial community at large. However, in regions with intense competition for iron, some microbes optimize iron acquisition by producing siderophores that minimize diffusive losses to the environment. These siderophores affect iron bioavailability and thus may be an important component of the marine iron cycle.
M
arine photosynthesis, respiration, and nitrogen fixation all depend on enzymes that require iron (1) , which is supplied to the ocean by atmospheric dust deposition, release from sediments, and deep sea hydrothermal activity (2, 3) . High biological demand in the sunlit portion of the marine water column, particularly in open ocean regions remote from continental inputs, can decrease dissolved iron (dFe) concentrations to <0.2 nM (2). These regions are often characterized by high-nutrient, lowchlorophyll (HNLC) conditions because iron scarcity limits phytoplankton growth and prevents complete macronutrient utilization (4, 5) . Up to 99% of dFe in seawater is complexed by naturally occurring organic ligands (6) . Ligands keep otherwise insoluble Fe(III) in solution but may also change its bioavailability. For example, addition of strong iron-binding ligands to seawater has been shown to inhibit iron uptake by plankton, despite high total dFe concentrations (7) . Similarly, iron binding polysaccharides have been shown to increase iron uptake rates of natural populations of phytoplankton relative to bacterioplankton (8) . The bioavailability of naturally occurring dFe-organic ligand complexes, rather than the total concentration of dFe itself, may therefore be the most important factor regulating microbial production in iron-deficient regions of the ocean. exist throughout the water column and may include compounds such as humic substances and acidic polysaccharides (6) . In addition, a stronger ligand class with K cond Fe′ > 10 12 is generally present in the surface ocean. The conditional stability constants of these strong ligands are comparable to siderophores (6) , chelating agents that are secreted by microbes to bind iron in a form that can be assimilated via active membrane transporters. Metagenomic surveys hint that homologs to known siderophore uptake genes are common in iron-deficient ocean regions, even though siderophore biosynthesis genes themselves have not been found there (9, 10) . Siderophore production may be an important strategy to capture iron from the marine environment while preventing uptake by competitors that lack appropriate acquisition pathways.
The prevalence of siderophore-mediated iron acquisition in HNLC regions remains a matter of debate. Diffusive loss of siderophores makes them a potentially costly means of iron acquisition (11) , and few siderophores have been directly identified in the marine environment (6, 12) . Alternative uptake mechanisms that rely on the reduction of ligand-bound Fe(III) to bioavailable Fe(II) (13) may be energetically favored in iron-poor HNLC regions, although their effectiveness also depends on the Significance Iron limits marine production across one third of the surface ocean. The chemical form of iron in these regions is unknown, but it is well established that molecular speciation affects microbial competition for iron uptake. Here we show that the abundance and identity of siderophores, strong iron-binding compounds secreted by microbes to enhance iron uptake, changes across iron-replete and iron-deficient regions of the South Pacific Ocean. In low-iron regions, amphiphilic siderophores are particularly abundant, suggesting a microbial strategy designed to minimize diffusive loss of metabolically expensive compounds while facilitating iron acquisition. Phylogenetic analysis further suggests that the ability to produce amphiphilic siderophores has been transferred across multiple bacterial lineages, suggesting a possible mechanism of adaptation.
speciation and lability of exogenous iron ligand complexes. Ultimately, productivity in iron-deficient regions of the ocean relies on the viability of microbial iron acquisition strategies and thus depends on the composition of the iron ligand pool.
The eastern tropical and subtropical South Pacific Ocean is one of the most productive regions in the world's oceans, with high nutrient concentrations supplied by intense wind-driven upwelling along the coast of South America (Fig. 1, coastal) (5) . As surface waters circulate westward, macronutrients and iron are consumed by fast growing microplankton. Dissolved iron is depleted more rapidly than macronutrients (4, 5) , shifting the microbial community to smaller nanoplankton that can use the limited iron stocks more efficiently (Fig. 1, HNLC) . Eventually, nitrate becomes depleted as well, and nanoplankton are replaced by cyanobacteria and picoeukaryotes that effectively compete for the lower concentrations of macronutrients (Fig. 1, oligotrophic) . These natural gradients of iron, nutrients, and microbial communities provided an ideal setting to investigate microbial adaptations to iron availability, as reflected in the distribution, variability, and concentration of different iron ligands, which is the focus of this study. To characterize iron ligand composition at the molecular level, we developed an approach that combines trace metal clean reverse phase liquid chromatography-inductively coupled plasma mass spectrometry (LC-ICPMS) and electrospray ionization mass spectrometry (LC-ESIMS) with metal isotope pattern detection algorithms to detect, identify, and quantify trace metal ligand complexes. Using this approach, we compared the chemical composition of iron ligands across iron-replete and iron-deficient regions of the eastern tropical South Pacific Ocean.
Results
To investigate iron-binding ligands in coastal, HNLC, and oligotrophic regimes, we sampled near-surface seawater during the 2013 US GEOTRACES Eastern Pacific Zonal Transect (EPZT) cruise GP16 (Fig. 1A) . At least 27 unique iron-containing compounds were detected by LC-ICPMS across six composite surface water samples (Table S1 and Fig. S1 ). Using LC-ESIMS, we identified the compound eluting at 22.9 min as the hydrophilic trihydroxamate siderophore ferrioxamine B (Fig. 2 and Fig. S2 ). The chromatograms also showed a suite of nonpolar siderophores eluting between 35 and 50 min (Fig. 2) . Many of these were identified as amphibactins, amphiphilic siderophores composed of a peptidic head group with a fatty acid side chain of variable structure (Fig. S3) . Finally, two major iron-organic compounds with monoisotopic masses of 959.429 and 709.372 were also identified at 47.1 and 50.9 min, respectively (Figs. S4-S6). These masses do not appear in a database of 367 known siderophores (14) . Tandem mass spectra (MS 2 ) of the 959.429 m/z ion indicate that this compound is structurally related to amphibactins, containing the same iron-binding head group (Supporting Information and Figs. S4-S6). Although dozens of other minor but distinct peaks were detected by LC-ICPMS, we were not able to identify their molecular ions by LC-ESIMS due to their low abundance and ion suppression from coeluting compounds. These compounds could potentially also represent siderophores or similar strong Fe-ligand complexes.
There was a clear trend in the abundance of different siderophores across the three nutrient regimes. Hydrophilic siderophores with retention times between 18 and 28 min were most abundant in the coastal sample. To detect the presence of uncomplexed siderophores, we titrated samples with iron to saturate all strong ligands. In the coastal upwelling sample, no changes in ironbound siderophore concentration were observed (Fig. 2) , indicating that siderophores in this region were fully complexed with iron, consistent with the relatively high ambient dissolved iron concentrations (0.1-1.1 nM, average 0.4 nM; Fig. 1C ). The elevated baseline observed upon iron addition is indicative of a large excess of chromatographically unresolved organic compounds that can act as weak iron-binding ligands ( Fig. 2A) . These structurally heterogeneous compounds were found at similar concentrations across all samples and are most likely background refractory organic compounds such as humic substances (6) .
In the HNLC sample, the siderophore composition changed dramatically. Hydrophilic siderophores were less abundant, whereas amphiphilic siderophores (amphibactins and amphibactin-like siderophores) and overall siderophore concentration were fivefold higher (Fig. 2C ). This change coincided with a decrease in dFe to 0.03-0.07 nM (average 0.05 nM) and an increase in the abundance of uncomplexed siderophores, which here make up 40% of the total. Across the oligotrophic region, amphiphilic siderophore concentrations declined farther offshore, and hydrophilic siderophores returned. As with the HNLC regime, ambient dFe concentrations were low (0.05-0.12 nM, average 0.07 nM), and a large fraction of siderophores (40-65%) were not complexed with iron. Because dFe is higher than total siderophore concentration (3-9 pM) in the HNLC and oligotrophic samples, the presence of a large fraction of iron-free siderophores is notable. One possible explanation is that most dFe is tightly complexed by other strong ligands that can compete with siderophores for iron (6) . Alternatively, the ligand exchange kinetics of dFe may be slow relative to the turnover time of iron-free siderophores. Under either scenario, a significant proportion of the total siderophores in these low-iron regions is available to enhance the dissolution of iron from particulate phases or atmospheric dust (15) . Iron-bound ferrioxamines and amphibactins only account for a portion of the total dFe (up to 10%), whereas ambient strong ligand concentrations measured by competitive ligand exchange voltammetry methods are generally in excess of dFe (6) . This suggests that additional organic ligands that were not captured by the solid phase extraction resin such as polar metabolites, humic substances, and acidic polysaccharides may also be present in these surface waters.
We investigated the potential microbial sources of these siderophores by surveying the prevalence of the biosynthesis genes within known marine bacterial genomes and metagenomes. Ferrioxamine biosynthesis genes (DesA-D) are present in many different microbial taxa including some strains of Salinispora, Micrococcus, Arthrobacter, Streptomyces, Micromonospora, Pseudomonas, Marinobacter, and Erwinia (16) (17) (18) (19) . Using these genes as query sequences, a search for DesA-D homologs within the Tara Oceans expedition metagenomic catalog (20) yielded many sequences with >50% amino acid identity. However, few of these Tara genes closely matched the query sequences (>90% identity), and evaluating whether the more distant homologs have the same functionality remains a challenge. Thus, these ferrioxamine biosynthesis genes were not pursued further.
Although ferrioxamine biosynthesis has been widely investigated across many microbial taxa due to its pharmaceutical importance, amphibactin biosynthesis has only been studied in a few organisms, including several unsequenced Vibrio strains and Alcanivorax borkumensis SK2 (21). However, amphibactins may play a particularly important role due to their high concentration in the HNLC eastern Pacific. In Alcanivorax, an oildegrading Gammaproteobacterium, the iron-binding head group of amphibactin is assembled by a pair of nonribosomal peptide synthetase (NRPS) enzymes, ABO_2093 and ABO_2092 (21), although the proteins involved in the activation and addition of the fatty acid side chain are still unknown. Peptide order in NRPS genes is controlled by modular adenylation domains; ABO_2093 contains three domains that link together -hydroxy ornithine. These domains possess binding pocket sequences that are specific for the incorporated peptide, enabling the product of NRPS genes to be predicted in silico (22) and providing a means to evaluate the function of genes that have lower (<90%) amino acid identity to ABO_2093 and ABO_2092.
To investigate diversity in the phylogeny of amphibactin producing bacteria, we searched for homologs to these two biosynthesis genes in GenBank. We identified similar sequences to ABO_2092 and ABO_2093 that were collocated in the genomes of numerous marine Vibrio species, and we verified their likely identity as amphibactin biosynthethic genes via in silico prediction algorithms (22) . As further evidence, we cultured five of these strains under iron limited conditions, and confirmed the production of amphibactins by LC-ESIMS (Supporting Information).
We next used the presumptive Alcanivorax and Vibrio NRPS biosynthetic genes to aid in identifying homologous genes within the Tara Oceans metagenomic catalog (20) . These genes were screened for the presence of adenylation domains that are indicative of amphibactin production. Phylogenetic analyses (Fig. 3A) identified homologs from the Tara Oceans microbial reference gene catalog (OM-RGC) (20) that were related to the NRPS biosynthetic genes from siderophore-producing bacteria. For ABO_2093, three of these genes (OM-RGC.v.1.000002136, 000002106, and 000002128) predicted all three adenylation domains, whereas others appeared to be incomplete assemblies that possess one or two of the three domains. It is also possible that these incomplete genes may be part of biosynthetic pathways for other N 5 -acyl N 5 -hydroxy ornithine-containing siderophores that are structurally similar to amphibactin.
The presence of ABO_2092 and ABO_2093 genes across the Tara Oceans expedition samples was then investigated. Both amphibactin NRPS biosynthetic genes cooccurred in samples from the eastern tropical South Pacific (Fig. 3B) , in close proximity to sites where amphibactins were measured in our study. These findings are consistent with predictions that the sequences identified in Fig. 3A likely represent at least a subset of the amphibactin biosynthetic genes from bacteria that inhabit the eastern tropical South Pacific. We also detected amphibactin NRPS genes in other regions characterized by low dFe concentrations, such as the equatorial Pacific and South Atlantic Ocean (23) . Because conservative criteria were used to detect the presence of amphibactin genes, their absence elsewhere does not necessarily indicate the absence of amphibactinproducing microbes. Other contributing factors may be limitations of the sequencing depth of each metagenome as well as the likely existence of other amphibactin NRPS sequences that are not represented in Fig. 3A .
Discussion
It is well established that strong iron ligands are present throughout the ocean, but the chemical identity of these compounds has remained largely unknown. By identifying siderophores as a fraction of the strong ligand pool, we demonstrate that the composition of strong ligands changes significantly across different nutrient regimes. In coastal and oligotrophic regions, the siderophore ferrioxamine B was the most abundant compound detected, which is consistent with previous observations of ferrioxamine B across the iron-replete North Atlantic Ocean (12) . Although iron is generally not considered a limiting nutrient in these regions, some microbes may have iron requirements that can only be met by siderophoremediated acquisition. In the HNLC region characterized by low dFe relative to nitrate concentrations, ferrioxamines decreased in abundance. However, the total concentration of siderophores increased due to the appearance of amphiphilic siderophores. These changes in siderophore composition could potentially affect rates of iron regeneration, dissolution, scavenging, and uptake. Modeling this variability is one of the major hurdles for realistic global biogeochemical simulations of marine iron cycling (24) . Because ligand composition and sources are unknown, current models are forced to assume a uniform ligand composition with a generic conditional stability constant throughout the ocean. Our results represent a first step toward modeling multiple ligand pools by revealing key components that are linked to specific nutrient regimes.
The high concentrations of free and iron-complexed amphibactins observed in the HNLC tropical South Pacific suggest that microbial iron acquisition strategies are inherently different across this region and that amphibactin-mediated iron acquisition confers a specific competitive advantage to microbes that inhabit HNLC environments. Peptidic compounds have lifetimes on the order of days in the surface ocean (25, 26) , and thus, increased siderophore concentrations in HNLC regions likely reflect a balance between local production and consumption. Because iron is chronically limiting in these regions, a decrease in the biological demand for siderophores is unlikely to account for the relative increase in siderophore concentrations. Instead, higher concentrations of amphibactins in the HNLC regions probably reflect greater relative production of siderophores in response to lower iron concentrations. It is also possible that other siderophores are actively produced and consumed in these areas but may be lower in abundance due to rapid cycling or photochemical degradation or may not be captured by the solid phase extraction.
Competition in dilute, iron-poor environments likely selects for microbes based on the effectiveness of their iron acquisition strategies (27) . Under such conditions, amphibactins may provide an advantage over more hydrophilic siderophores because the fatty acid side chain of the molecule can partition into cell membranes (28) , which may reduce the metabolic cost of diffusive losses (11) . The prevalence of hydrophilic siderophores in other regions of the study area implies that the amphiphilic strategy comes at a cost. Ferrioxamine B has a particularly high conditional stability constant for iron (29) . It is possible that ferrioxamines are more effective than amphibactins at competing for iron bound to other dissolved marine ligands such as humic substances. This would mean that a larger fraction of dFe may be accessible for complexation by ferrioxamines, but they suffer greater loss to the environment; a smaller fraction of dFe may be accessible to complexation by amphibactins, albeit with a greater efficiency of microbial recovery in dilute environments.
Determining precisely which microbes produce siderophores in the eastern South Pacific Ocean remains a challenge and is probably not limited to a single taxon. The known producers of ferrioxamines are diverse and include organic carbon-degrading bacterial taxa of Actinobacteria and Gammaproteobacteria (16) (17) (18) (19) . These include numerous strains from marine environments (e.g., Salinispora tropica CNB-440 and Marinobacter lipolyticus SM-19) (18, 19) . The known producers of amphibactins include marine Alcanivorax and Vibrio, both members of Gammaproteobacteria (21, 28) . Two of the genes within the Tara Oceans catalog also matched NRPS genes from Nitrosococcus halophilus (Fig. 3A) , a marine ammonium-oxidizing Gammaproteobacteria, whose genome encodes the entire gene cluster for amphibactin biosynthesis. Although Vibrio, Alcanivorax, and Nitrosococcus are not particularly dominant taxa in the open ocean, other unsequenced bacteria may also possess the amphibactin biosynthesis gene cluster. There are other amphibactin NRPS homologs within the Tara Oceans catalog, such as OM-RGC.v1.000453519, that have no matches within the GenBank database with greater than 60% amino acid identity. This may reflect, in part, an underrepresentation of strains derived from HNLC environments among sequenced microbial isolates. Additional genomic sequences of microbes from the HNLC eastern Pacific Ocean are needed to determine which taxa are capable of producing amphibactins in these waters. The patchy distribution of amphibactin biosynthesis genes across multiple bacterial orders indicates at least one horizontal transfer of amphibactin biosynthesis genes between bacteria. Only a small subset of all sequenced strains of Vibrionales, Chromatiales, and Oceanospirillales possess the amphibactin gene cluster. Furthermore, the phylogeny of the amphibactin biosynthesis genes does not follow the phylogeny of the strains in which they are found. Alcanivorax species are more closely related to Vibrio than to Nitrosococcus species (30), yet the amphibactin NRPS biosynthetic genes of Alcanivorax borkumensis and Nitrosococcus halophilus are more similar to one another (Fig. 3A) , suggesting a gene transfer event. Acquisition of amphibactin biosynthetic gene clusters by horizontal gene transfer may be one mechanism by which certain microbes can adapt to iron-poor HNLC regions. Similar mechanisms have been proposed to explain how certain clades of Prochlorococcus adapt to tropical HNLC surface waters. Single-cell genomic studies have reported that Prochlorococcus ecotypes that thrive in low-iron, high-phosphate regions appear to have horizontally acquired genes for using organically bound iron (31) . Such adaptive strategies may also complement other mechanisms, such as reducing iron quotas via loss of genes encoding ironcontaining proteins (32) .
The role of siderophores in the surface ocean is likely linked to recycling bioavailable iron. Efficient recycling of iron from the biotic pool accounts for up to 90% of dFe uptake in iron-deficient regions of the ocean (33) . In the process of microbial mortality induced by grazing and viral lysis, cellular iron is released to the dissolved phase bound to proteins, heme, and other metabolites. Bacteria that consume these compounds may produce siderophores as a means of capturing regenerated iron before it is scavenged by sinking particles. Indeed, the production of ferrioxamines and amphibactins by mixed marine bacterial communities is stimulated by amendments of glucose, glycerol, and chitin (12, 34) . Siderophores may also provide a source of bioavailable iron for phytoplankton. Many marine phytoplankton, including diatoms, haptophytes, and cyanobacteria, exhibit similar capacities for taking up iron bound to siderophores, potentially via an enzymatic or indirect (e.g., photochemical) reductive mechanism (13) . Furthermore, some phytoplankton and bacterioplankton may express siderophore uptake transporters, even if they cannot produce the compounds themselves (31) . Thus, although little is known about the dominant mechanisms for iron acquisition in HNLC regions, it seems likely that amphibactins (which account for 10% of the total dFe) may be an important source of iron for many members of the microbial community. Assuming a cellular iron to phosphorus (Fe:P) quota of 2-8 mmol/mol (35) and Redfield cellular N:P (16:1), we estimate that microbes require ∼5-25 pM Fe per day to sustain the N uptake rate of ∼50 nM/d characteristic of the eastern tropical South Pacific HNLC region (36) . At 9 pM total siderophore concentrations, daily cycling could transfer regenerated iron into siderophores and sustain a significant fraction of the microbial community.
Conclusion
The changes in siderophore composition and concentrations across different nutrient regimes of the eastern tropical Pacific Ocean provide evidence that siderophores are an active component of microbial iron cycling. The highest concentrations of free and iron-complexed siderophores were found in the ironpoor HNLC region, where amphibactins represented >90% of the siderophores that we were able to quantify. Altogether, this suggests that the distinct distribution of these compounds reflects microbial adaptations for survival in specific nutrient regimes. Furthermore, evidence for horizontal transfer of the amphibactin gene cluster across diverse Gammaproteobacteria suggests a possible mechanism by which some microbes may have acquired siderophore production and uptake abilities that could provide them with a competitive advantage in iron-poor niches of the ocean. Because these amphiphilic siderophores can be tethered to cell membranes (28) , new questions arise as to the energetic trade-offs that select for specific siderophores, the partitioning of siderophores between dissolved and particulate phases, and the availability of various siderophores to the microbial community at large. Furthermore, many different amphiphilic siderophores have been identified in marine microbes (37) , and further surveys of other iron-starved regions may reveal a broader suite of siderophores produced under different environmental conditions. The composition and concentration of siderophores potentially affect rates of iron regeneration, dissolution, scavenging, and uptake. Unraveling the cycling of siderophores is therefore an important element to understanding patterns of microbial productivity across the ocean.
Methods
Sample Collection and Processing. The sample collection method used in this study was designed to minimize metal contamination and sample processing (e.g., pH changes) to preserve the iron-organic compounds intact. Trace metal clean filtered seawater was pumped by a tow-fish from 3 m depth along the cruise track of the US GEOTRACES EPZT (GP16) cruise from October to December 2013 (Table S2) . Thus, each sample represents an integrated average signal across a wide region. Between 400 and 600 L of seawater was filtered continuously at a flow rate of 250 mL/min and extracted through custommade solid phase extraction (SPE) columns packed with 20 g resin (Bondesil ENV; Agilent). Before sample collection, SPE columns were primed with distilled methanol, flushed with ultrahigh-purity water (qH 2 O), acidified to pH 2 with dilute HCl, and finally rinsed with qH 2 O. Although the methods used to extract and separate iron-binding compounds from seawater in this study are capable of extracting and detecting a wide variety of ligands including many types of hydroxamate and alpha hydroxy carboxylic acid-based siderophores, there are likely additional ligands of potential importance in seawater that are not captured or strongly retained by these solid phases. Adjustments to the extraction methods and chromatography of the LC-ICPMS-ESIMS approach described here may continue to uncover different strategies for iron acquisition across the ocean. Samples were stored at −20°C and returned to the laboratory for further analyses. Thawed SPE columns were rinsed with 500 mL of qH 2 O, to remove salts, and organic ligands were eluted with 250 mL of methanol (MeOH). Extracts were concentrated by rotary evaporation, and the final volume was adjusted to 6 mL with qH 2 O. Samples were stored at −20°C in polytetrafluoroethylene (PTFE) vials. Aliquots (1 mL) of each concentrated sample were removed and spiked with 20 μL of 50 μM cyanocobalamin as an internal standard. A sample blank was also collected by pumping 200 mL of filtered seawater through an SPE column, which was frozen, processed, and analyzed with the six seawater samples. Nitrate and pigment samples were collected and analyzed as described previously (38, 39) .
Liquid Chromatography. Organic extracts were separated on an Agilent 1260 series bioinert high-pressure liquid chromatography (HPLC) system fitted with a C8 column (2.1 × 100 mm, 3-μm particle size; Hamilton) and polyetheretherketone (PEEK) tubing and connectors. Ligands were eluted with solvent A (5 mM aqueous ammonium formate) and solvent B (5 mM ammonium formate in distilled MeOH) using a 50-min gradient from 10 to 90% B, followed by isocratic elution at 90% B for 10 min at a flow rate of 0.2 mL/min. A postcolumn PEEK flow splitter directed 50 μL/min into the ICPMS or ESIMS.
Inductively Coupled Plasma Mass Spectrometry. The method for LC-ICPMS analysis was modified from Boiteau et al. (40) . The flow of the LC column was coupled directly to a quadrupole ICPMS (iCAP Q; Thermo Scientific) using a perfluoroalkoxy micronebulizer (PFA-ST; Elemental Scientific) and a cyclonic spray chamber cooled to 0°C. Oxygen gas was introduced to the plasma at 25 mL/min to prevent the deposition of reduced organics on the cones. The ICPMS was equipped with platinum sampler and skimmer cones. 56 Fe, 57 Fe, and 59 Co were monitored with an integration time of 0.05 s each. Measurements were made in kinetic energy discrimination mode with a He collision gas introduced at a rate of 4.2 mL/min to remove ArO + interferences on 56
Fe. Peak areas were integrated and used to calculate concentrations with a six-point calibration curve of a ferrioxamine E standard solution (retention time = 19.8 min). Because only the iron-bound form is quantified by LC-ICPMS, samples were titrated with excess iron citrate and reanalyzed to quantify total siderophore concentrations. A 1:10 addition of the iron citrate stock solution was sufficient to saturate the unbound iron complexes.
Electrospray Ionization Mass Spectrometry Analysis. For determination of the siderophore mass, the flow from the LC was coupled to an Orbitrap Fusion mass spectrometer (Thermo Scientific) equipped with a heated electrospray ionization source. Electrospray ionization source parameters were set to a capillary voltage of 3500 V; sheath, auxiliary, and sweep gas flow rates of 12, 6, and 2 (arbitrary units); and ion transfer tube and vaporizer temperatures of 300 and 75°C. Mass spectra scans were collected in high-resolution (450 K) positive mode. High-energy collision-induced dissociation (HCD) MS 2 spectra were collected on the ion trap mass analyzer. Ions were trapped using a quadrupole isolation window of 1 m/z and were then fragmented using an HCD collision energy of 35%. Details of data analysis (41) are provided in Supporting Information.
